The optical nonlinearity of WS2, MoS2 monolayer and few-layer films was investigated using the Z-scan technique with femtosecond pulses from the visible to the near infrared.
(a) Photographs of 1~3L, 18~20L, 39~41L WS2 and 1~3L, 25~27L, 72~74L MoS2; In-plane TEM of (b) 1~3L WS2 and (c) 1~3L MoS2; Cross-section TEM of (d) 1~3L, (e) 8~10L WS2 and (f) 1~3L MoS2.
The WS2 and MoS2 films were synthesized by direct vapor phase sulfurization of pre-deposited metal films in a quartz tube furnace with two temperature zones as reported previously 16, 17 . Thin metal films (W, Mo, 99.99% MaTecK) were sputtered onto fused quartz substrates (~10 mm×10 mm, Alfa Aesar) using a Gatan Precision
Etching Coating System (PECS) with a quartz crystal microbalance to monitor the 22 . The initial nominal thickness of pre-deposited metal film, the thickness after sulfurization and the layer numbers are listed in Table 1 . Figure 2 Raman spectra of (a) WS2 and (b) MoS2 films, XPS of (c) WS2 and (d) MoS2
films. Transmission, reflection and absorption spectra of (e) 1~3L WS2 and (f) 1~3L
MoS2.
Raman spectroscopy was employed to examine the crystallinity and layer number.
The measurements were carried out using a Renishaw inVia Raman spectrometer with a laser at 488 nm. As shown in Fig. 2 X-ray photoelectron spectroscopy (XPS) spectra were recorded on a VG Scientific ESCAlab MkII system using Al K_alpha X-rays and an analyzer pass energy of 20 eV.
In Fig. 2 To quantitatively determine the TPA property of the WS2 films, the Z-scan data were fitted by the nonlinear absorption model 29 .
where I is the intensity of the laser beam within the sample, z is the propagating distance 
, L is the sample thickness, 0 is the linear transmission, 0 is the incident beam intensity, z0 is the beam waist at the focus, R is the reflection of the sample. It is worth noting that the reflection is taken into account in the model as it cannot be neglected according to the results in Fig. 2 (e) and (f). The solid curves in Fig.   3 (a-c) are the fitting results based on the nonlinear absorption model and it can be seen that they agree well with the experimental data. The TPA coefficients of 1~3L, 18~20L, 39~41L WS2 at 1030 nm are extracted and shown in Fig. 3(d) To investigate the wavelength dependence of NLO response of WS2, we measured the Z-scan results at 800 nm (40 fs) and 515 nm (340 fs). As shown in Fig. 4(a) , the NLO responses of 1~3L, 18~20L WS2 at 800 nm (1.55 eV) are obviously different. The 1~3L WS2 keeps the same TPA behavior as it does at 1030 nm, but the 18~20L film switches into SA response. The TPA excitation intensity for 1~3L WS2 at 800 nm is larger than that at 1030 nm by about one order of magnitude. It may be due to the larger shift from TPA resonance of the band edge at 800 nm. The SA behavior of 18~20L sample implies that its bandgap is smaller than 1.55 eV and the SA induced by onephoton absorption takes place. The damage thresholds of 1~3L and 18~20L WS2 at 800 nm are close to 196 GW/cm 2 and 78 GW/cm 2 , respectively. The experimental data are fitted by the nonlinear absorption model mentioned above. The obtained TPA and SA coefficients are shown in Fig. 4(b) , implying the weak saturation effect similar to the 1~3L WS2 at 1030 nm. In Fig. 4(c) , the 1~3L WS2 at 515 nm (2.408 eV) changes into SA behavior at a much lower intensity, which is caused by one-photon absorption as well. MoS2 at 800 nm is close to ~444 GW/cm 2 . The TPA coefficients of the 25~27L MoS2 at 1030 nm and 800 nm are shown in Fig. 5(d) . At 1030 nm, it decreases monotonously from 210 cm/GW to 34.7 cm/GW due to TPA saturation. The TPA coefficient at 1030 nm is larger than that at 800 nm for the 25~27L MoS2, which keeps nearly a constant of ~11.4 cm/GW at 800 nm, confirming the importance of resonance for NLO response.
The SA coefficient of the 72~74L MoS2 at 1030 nm is about -250±50 cm/GW, as shown in Fig. 5(d) . In Eq. (1), the nonlinear absorption coefficient is considered to be independent of the incident intensity and that is valid only at low intensity. When the TPA saturation occurs, the nonlinear absorption coefficient is supposed to be dependent on the incident intensity. The TPA saturation of the WS2 and MoS2 films can be well fitted by a hyperbolic saturation model for semiconductors 37, 38 :
where 0 is the low intensity response of the material and is the saturation intensity of TPA for which 0 is divided by 2. With Eq. (3), we can solve Eq. (1) numerically and get the relationship between the reciprocal transmission 1/T and incident intensity. and WS2 have been demonstrated successfully as a saturable absorber for mode-locking or Q-switching in ultrafast fiber lasers over a broad wavelength range (1 μm, 1.5 μm and 2 μm). However, the mechanism of such a saturable absorber working below the bandgap is still unclear. S. Wang 5 and R. I. Woodward et al. 39 ascribed it to defect-state or edge-state saturable absorption. Based on our results, it is reasonable to deduce that the TPA saturation should be easier to achieve for fewer-layer films and it might be one factor for the monolayer and few-layer WS2 and MoS2 working as saturable absorbers below the bandgap. 
where c is the speed of light, is the wavelength of the incident light, n is the refractive index. order larger than that at 800 nm, which is also ascribed to band edge TPA resonance.
For the 72~74L MoS2, it changes into negative at 1030 nm due to SA.
In conclusion, we investigated the optical nonlinearity of monolayer and few-layer 
Methods:
Spectroscopic Ellipsometry Spectroscopic ellipsometry (SE) was employed to measure the thickness of MoS2 and WS2 22, 40 . An Alpha SE tool (J. A. Woollam Co., Inc.) was used and SE data were obtained in the wavelength range of 380 -900 nm at an angle of incidence of 65° and 70° with a beam spot size of ~40 mm 2 . The SE spectra were analyzed using vendersupplied software, CompleteEASE 4.72 (J. A. Woollam Co., Inc.).
The measured SE spectra consist of psi (Ψ) and delta (Δ) components which represent the amplitude ratio (Ψ) and phase difference (Δ) between p-and spolarizations, respectively. The two parameters are related to the ratio ρ, defined by the equation of ρ = rp/rs = tan(Ψ)exp(iΔ), where rp and rs are the amplitude reflection coefficients for the p-polarized and s-polarized light, respectively 41 .
Optical models built for SE analysis have a four-layered structure, where there are three sub-layers (Si substrate, an interface layer between Si and SiO2, a SiO2 layer) and a top material layer (MoS2 or WS2). Tauc-Lorentz (T-L) oscillation model was used to determine the thicknesses of the MoS2/WS2 thin films 42 .
